Bacterial genomes harbor cryptic prophages that have lost genes required for induction, 15 excision from host chromosomes, or production of phage progeny. Escherichia coli K12 strains 16 contain a cryptic prophage Qin that encodes a small RNA, DicF, and small protein, DicB, that 17 have been implicated in control of bacterial metabolism and cell division. Since DicB and DicF 18 are encoded in the Qin immunity region, we tested whether these gene products could protect 19 the E. coli host from bacteriophage infection. Transient expression of the dicBF operon yielded 20 cells that were ~100-fold more resistant to infection by λ phage than control cells, and the 21 phenotype was DicB-dependent. DicB specifically inhibited infection by λ and other phages that 22 use ManYZ membrane proteins for cytoplasmic entry of phage DNA. In addition to blocking 23
Introduction 45
Bacteriophages are abundant in the environment with an estimated 10 31 bacteriophage 46 (phage) particles, and outnumber their bacterial hosts by a factor of 10 to 1 (1, 2). They are 47 found in all ecosystems that harbor bacteria and play a vital role in driving bacterial evolution 48
(3). Based on their lifecycles, phages can be broadly classified as virulent or temperate. Virulent 49 phages use a lytic lifecycle wherein they infect bacterial hosts, use the host cell's resources to 50 make more phage particles and ultimately lyse the cell to release progeny virions into the 51 environment. Temperate phages can grow using a lytic lifecycle, or alternatively can undergo 52 lysogeny -integrating their genomes at a specific attachment site in the host chromosome and 53 remaining stably associated with the host. The bacterium with an integrated phage genome 54 agar and TM buffer, onto TB agar plates and incubated overnight at 37°C. The next day, a 148 single individual plaque was punched out and incubated in TM buffer at room temperature for 1-149 2 hours with occasional vortexing. Between 10 and 30 μl of the single plaque eluate was mixed 150 with 300 μl of DJ480 plating culture and incubated at 37°C for 15 minutes. 3 ml TB/TM top agar 151 was added and plated onto TB plates for incubation at 37°C. After 3 to 7 hours when the lysis 152 was confluent, the plate was overlaid with 5ml TM buffer overnight at room temperature. The 153 TM buffer containing phage was collected in the morning and 4ml fresh TM buffer was added to 154 the plate and kept at room temperature. After 8 hours, the remaining TM containing phage was 155 collected and the combined eluate was centrifuged to pellet the agar and cells down. The 156 supernatant was transferred into a fresh tube, 50ul chloroform was added and the fresh phage et al. (41) . λvir lysates were added to 500 μl of prepared strains at a multiplicity of infection 174 (MOI) of 0.1 or less and incubated at 37°C for 10 minutes. The infection mixture was washed 175 with TM buffer containing 0.5 mM IPTG to remove unadsorbed phages and resuspended in 500 176 μl of fresh buffer. The infected cells were diluted in TM/IPTG buffer and 100 μl of each dilution 177 of strains was added to 100 μl of DJ480 cells in TM buffer, LB/TM top agar was added to this 178 mixture and plated onto LB agar plates. The plates were incubated overnight at 37°C, and the 179 plaques arising from each individual infection were observed and counted. ECOI is calculated 180 as (number centers of infection/ml from test strain) x 100/(number centers of infection/ml from 181 control strain) (41). 182
One step growth curve. The samples were prepared for infection as described for ECOI 183 assays. The one-step growth curve experiment was designed based on (41). After 184 resuspending the cells, λvir was added at an MOI of 0.1 or less to 500 μl of cells and incubated 185 for 10 minutes at 37°C. The infection mixture was washed to remove unadsorbed phages and 186 resuspended in 500 μl of TM buffer with 0.5 mM IPTG. The strains were diluted 1:10,000 for 187 DJ480 and 1:1000 for DB240 (Plac-dicBF) to a final volume of 20 ml in LB with 10 mM MgSO4 188 and 0.5 mM IPTG in flasks and incubated in a 37°C water bath. Immediately, 100 μl was 189 withdrawn from the flask and added to 100 μl phage-sensitive DJ480 cells in TM buffer (for lawn 190 formation), added to prewarmed top agar, and plated onto LB agar plates. The first time point 191 was 30 minutes after the start of infection. The same procedure was repeated for each time 192 point. The burst size was calculated as (phage titer at 100 minutes -initial titer at 30 minutes)/ 193 initial titer at 30 minutes. The latent period was calculated as the mid-point of the exponential 194 phase of the growth curve (41). 195
Adsorption assay. The procedure described above for ECOI assays was followed and after 196 strains were infected with λvir at an MOI of 0.1 and allowed to adsorb for 10 minutes at 37°C, 197 the strains were centrifuged for 5 minutes at 13,000 rpm to pellet cells and adsorbed phage. 100 198 μl of the supernatant was removed and dilutions were made in TM buffer. 10 μl of each dilution 199 was added to 100 μl DJ480 (phage-sensitive) cells in TM buffer and incubated for 10 minutes at 200 37°C. This mixture was plated onto LB plates using top agar and incubated overnight at 37°C. 201
Control titer was calculated using the same procedure as above using the same amount of 202 phage required for MOI of 0.1 added to 500 μl TM buffer (no bacteria). Percentage of adsorption 203 was calculated as (control titer -residual titer)*100/ control titer (39, 42) . 204
Growth on minimal medium plates with different sugars. For growth assays, M63 minimal 205 medium plates with sugars (glucose, fructose, mannose, N-acetyl glucosamine, and 206 glucosamine) at a final concentration of 0.2% were prepared without or with 0.025 mM IPTG. 207
The strains were streaked on plates and incubated for 44 hours at 37°C. By visual inspection, 208 strains were scored for growth with +++ denoting normal growth, ++ and + denoting decreasing 209 growth and -as no growth. 210
Results 211

Transient induction of the dicBF operon protects against λ phage infection. The region of 212
Qin prophage containing the dicBF operon ( Fig. 1A) resembles the immunity regions of P22 and 213 other lambdoid phages (29). While functions have not been identified for most of the products of 214 the dicBF operon, DicB (a small protein) and DicF (a small RNA) have been shown to inhibit cell 215 division (20, (22) (23) (24) (25) . We showed previously that DicF post-transcriptionally regulates a variety 216 of genes involved in cell division, growth and metabolism (25). Given their position in the 217 immunity region of the prophage genome, and the fact that the characterized gene products 218 impact cell physiology, we hypothesized that products of the dicBF operon could cause changes 219 in the host cell that promote resistance to phage infection. We tested this by comparing phage 220 infections of control and dicBF-expressing cells. Since the conditions under which the dicBF 221 operon is normally expressed are not fully understood, we used an inducible expression system 222 described previously (25) where we replaced the dicBF operon promoter with a Plac promoter at 223 the native locus. In addition to the Plac-dicBF strain, we used strains with deletions of different 224 genes in the operon (Fig. 1B) . 225
We measured phage infection of these strains by Efficiency of Plaquing (EOP) assays, 226 initially using phage λ. In this assay, the phage is titered on all bacterial strains and the titer in 227 plaque forming units (pfu)/ml is calculated for each strain. The EOP is defined as: phage titer on 228 test strain/phage titer on control strain. The control strain lacked the Plac promoter. Strains with 229 the Plac promoter driving dicBF expression were exposed to IPTG for 60 minutes. Then, strains 230 were infected with λvir (a λ mutant that can only complete the lytic cycle during infection of host 231 cells) and plated for titer as described in Materials and Methods. The EOP for the Plac-dicBF 232 strain was 0.04 ( Fig. 1B) , meaning that rate of infection of the dicBF-expressing strain was only 233 4% relative to the control strain. This result suggested that transient expression of the dicBF 234 operon conferred resistance to infection by λvir. To further characterize the basis for this 235 phenotype, we deleted dicF and dicB, singly and in combination because previous studies 236 identified growth or cell division phenotypes associated with these genes (23, 25). Phenotypes 237 of deletion mutants demonstrated that dicB played the most prominent role in the resistance 238 phenotype (Fig. 1B ). Deletion of dicB alone or dicB in combination with dicF restored the EOP of 239 λvir to nearly that of control. In contrast, deletions of dicF alone had a minimal effect on the 240 resistance phenotype (Fig. 1B) . We also carried out infections with wild-type λ phage, and saw 241 similar results for EOP on control, dicBF-expressing and deletion mutant strains ( Fig. S1 ). 242
Because previous studies showed that ectopic expression of the dicBF operon impairs 243 growth of the host strain, we reasoned that poor growth of test strains could influence the results 244 of EOP assays. To more accurately assess the outcome of a phage infection on cells 245 expressing the dicBF operon, we conducted center of infection (COI) assays. For this assay, 246 strains ( Fig. 1B) were induced with 0.5 mM IPTG and λvir infection was carried out at a 247 multiplicity of infection (MOI) of 0.1. After adsorption of phage to test strains, the unadsorbed 248 phages were removed by washing and the infected test cells were diluted and mixed with the 249 phage-sensitive control strain. Productive infections of the test strain are detected as plaques 12 of infection (ECOI) is calculated as (number centers of infection/ml from test strain) x 252 100/(number centers of infection/ml from control strain). The ECOI for λvir on Plac-dicBF cells 253 was 3% (Fig. 1C ). This result is similar to the results of EOP assays ( Fig. 1B ), suggesting that 254 the growth characteristics of the Plac-dicBF test strain did not impact the experimental outcome. 255
Deletion of dicB, alone or in combination with dicF, restored the ECOI to ~80%. The ΔdicF 256 strain gave an ECOI of 5% (Fig. 1C ). These results are again consistent with our EOP 257 experiments ( Fig.1B) implicating DicB as the major player in the phage resistance phenotype. 258
The dicBF operon promotes resistance against λ, but not other phages. To determine if 259 transient expression of dicBF conferred resistance to other phages, we conducted infection 260 experiments using control and Plac-dicBF strains with nine different lytic and temperate phages 261 ( Fig. 2 ). In this experiment, the EOP of λvir on the Plac-dicBF strain was 0.016 or 1.6% 262 compared to the control strain, which was the lowest of the nine phages tested (Fig. 2 ). Partial 263 resistance was observed for T3 phage, which had an EOP of 0.14 on Plac-dicBF cells. However, 264 the EOP for the remaining seven phages, including phages f80 and HK97, which are closely 265 related to λ, was similar to control cells (Fig. 2) . These results suggest DicB does not provide a 266 broad-spectrum of resistance against bacteriophages. 267
Effect of dicBF expression on λ phage growth. The classical experiment to study the growth 268 cycle of phage in bacteria is the one-step growth curve, as described by Ellis and Delbrück (43) . 269
They observed a latent period where numbers of phage recovered from infected cells remained 270 low as new phage particles were being synthesized inside the host cell. After the latent period is 271 the "burst" where numbers of infectious phage particles increase rapidly as the phage life cycle 272 is completed and cells are lysed to release mature progeny. We conducted one-step growth 273 curves for λvir on control and dicBF-expressing strains, essentially as described above for ECOI 274 experiments over a time course following infection. λvir was added at an MOI of 0.1 to control 275 and Plac-dicBF cells resuspended in TM buffer. After phage adsorption, the cells were washed to 276 remove unadsorbed phage and the phage-host complexes were diluted into fresh medium with 277
IPTG (see Materials and Methods). At each time-point, the number of infectious phage particles 278
in each culture was calculated by removing samples and plating for PFU on a phage-sensitive 279 control strain. 280
As expected based on previous results (Figs. 1B, C), the ECOI for λvir on Plac-dicBF 281 cells was reduced by almost 2 logs compared with the control strain at the early time points, and 282 the reduced numbers of phage produced by Plac-dicBF cells persisted across the phage growth 283 curve (Fig. 3) . The latent period for Plac-dicBF cells (75 min.) was ~10 min. longer than for 284 control cells (65 min.) (Fig. 3) . The calculated burst sizes were 343 phage/Plac-dicBF cell 285 compared to 169 phage/control cell. This increase in burst size in dicBF-expressing cells is 286 likely due to filamentation of cells caused by DicB and DicF. It has been shown before that 287 filamenting cells produce more phage than normal size cells (44, 45). Importantly, we observed 288 that the ~3% of phages that escaped DicB-mediated resistance followed a growth curve similar 289 to that of phages growing on control cells. Collectively, these data led us to hypothesize that 290 DicB affects an early step of the phage life cycle like adsorption or DNA injection, since phages 291 that escape this DicB effect complete a relatively normal life-cycle. 292
The dicBF operon does not affect phage adsorption to host cells. To test if expression of 293
the dicBF operon affects the first step of phage infection, we tested the ability of λvir to adsorb 294 to host cells expressing this operon. During the ECOI experiment, once phage infection was 295 carried out with cells in TM buffer at an MOI of 0.1 and incubated at 37°C for 10 mins, the 296 phage-cell mixture was centrifuged and the supernatant containing the unadsorbed phages was 297 removed. This supernatant was titered on phage-sensitive control cells by standard plaque 298 assay (residual titer). Control titer was calculated using the same procedure as above, with 299 phage added to TM buffer instead of bacterial cells in the first step of the experiment. The 300 percentage of adsorption was calculated as (control titer -residual titer)*100 / control titer. 301
The adsorption of λvir to strains expressing the dicBF operon was the same as outer membrane receptor, LamB (46, 47), the effect of dicBF expression on the EOP of these 304 two phages is significantly different -with reduced EOP only for λvir ( Fig. 2) . These 305 observations strongly suggest that DicB does not affect the phage life cycle at the step of 306 adsorption to host cells. 307
Recombinant λ phages with the host range region of f80 are not affected by DicB. The 308 genomes of λ phage and f80 (a lambdoid phage) have strikingly similar organization, allowing 309 for easy construction of recombinant phage (48, 49). One prominent difference between λ and 310 f80 is their use of different outer and inner membrane receptors. λ uses LamB (outer 311 membrane) and ManYZ (inner membrane) for adsorption and DNA injection respectively (50-312 54), while f80 uses FhuA (outer membrane) and the TonB complex (inner membrane) (48, 55, 313 56). The phage genes encoding determinants for utilization of host outer and inner membrane 314 receptors are located in the host range region of lambdoid phage genomes. Our results so far 315 suggest that the DicB-dependent phage resistance phenotype is not due to an effect on 316 adsorption to the outer membrane receptor but might be mediated at another early step of 317 infection such as injection of the phage genome through the inner membrane receptor. To test 318 this idea, we measured phenotypes of control and dicBF-expressing cells challenged with 319 recombinant λ phage containing the host range region of f80 (λh80). The λh80 phage carry 320 most of the wild-type λ genome but have an altered host range region specifying use of the f80 321 outer and inner membrane receptors. To confirm this, we tested the plaquing ability of λh80 322 phages on wild-type, ∆fhuA, ∆tonB and ∆manXYZ E. coli strains. As expected, the λh80 323 phages, like f80, did not plaque on ∆fhuA and ∆tonB strains but formed normal plaques on the 324 ∆manXYZ strain (Table S3 ). Next, we carried out EOP assays using λvir and a panel of 325 recombinant phage with the host range of λ or f80 (Table S1 ) on control and Plac-dicBF cells 326 ( Fig. 4 ). We hypothesized that if DicB mediates resistance to λ phage by impairing injection of 327 phage DNA across the cytoplasmic membrane, then phage with the host range of λ would 328 remain inhibited by DicB, whereas λh80 phage with altered inner membrane receptor specificity 329 would not be impacted by DicB. Results of the EOP assays demonstrate that phage with λ host 330 range remain sensitive to DicB-mediated inhibition while λh80 phages had a similar EOP on 331
Plac-dicBF and control cells (Fig. 4 ). Together with our previous results, this observation 332 suggests that DicB-mediated resistance acts at the level of the inner membrane receptor 333
ManYZ used for λ phage DNA injection into the cytoplasm of E. coli. We note that the panel of 334 phages that we tested in this experiment had other genetic differences aside from the different 335 host ranges (Table S1 ). Only the host range was correlated with susceptibility to DicB-mediated 336 resistance. 337
Phage 434 (53) is another phage that uses ManYZ for injection of DNA through the 338 cytoplasmic membrane (Fig. 5A ). Previous studies have shown that manXYZ deletion mutants 339 (also known as pel mutants) were resistant to infection by λ and phage 434, but not f80 (53). To 340 further test our hypothesis that DicB inhibits phage infection at the level of DNA entry through 341
ManYZ, we tested the ability of λvir, phage 434 and f80 to infect control and dicBF-expressing 342 cells in manXYZ + and ∆manXYZ backgrounds. We verified that the λ, phage 434 and f80 343 phages plaque as expected on wild-type and strains with mutations in specific receptors (Table  344 S4). As shown above (Fig. 2) , f80 plaquing efficiency is not impacted by expression of the 345 dicBF operon in a manXYZ + background. The ΔmanXYZ mutant host also supported wild-type 346
EOPs for f80 plaquing regardless of whether dicBF was expressed (Fig. 5B ). For λvir, the EOP 347 on Plac-dicBF cells was 4% relative to control in manXYZ + cells, whereas the ΔmanXYZ host did 348 not support λvir growth (Fig. 5B ). The pattern of growth for phage 434 was very similar to that of 349 λvir, with a reduced EOP of ~10% on Plac-dicBF cells in the manXYZ + host and no countable 350 plaques on the ΔmanXYZ host (Fig. 5B) . The results of this experiment are consistent with the 351 hypothesis that DicB inhibits the use of the mannose phosphotransferase system proteins,
Growth of dicBF-expressing cells is inhibited on plates with mannose as the C source. 354
Our previous results point to the small protein DicB inhibiting the activity of mannose transporter 355
ManYZ proteins with regard to DNA uptake during phage infection. To test whether DicB inhibits 356 the function of these proteins more broadly, we checked the growth of dicBF-expressing cells on 357 mannose as the sole C source. For this experiment, we used control, Plac-dicBF, and Plac-dicBF 358
ΔdicB strains. The strains were streaked on M63 minimal plates with different sugars with or 359 without 0.025mM IPTG (to induce dicBF expression) and incubated for 44 hours at 37°C (Table  360 2, Fig. S2 ). In the absence of inducer, all the strains had near normal growth on the different 361 necessary for the DicB-dependent phenotypes we found in this study, we constructed strains 379 with minC mutant alleles that produce MinC proteins that are defective for interaction with DicB. 380
We used two different MinC mutants: MinC R172A, which interacts weakly with DicB, and MinC 381 E156A mutant, which does not interact with DicB (37). In strains expressing these minC alleles, 382
DicB has a modest (MinC R172A) or no (MinC E156A) impact on cell division, consistent with 383 their reduced binding to DicB. We used MinC E156A and R172A mutant hosts to test whether 384 the DicB-mediated phage resistance or sugar growth phenotypes required the DicB-MinC 385 interaction. 386
As observed previously, in the wild-type minC + background, dicBF-expressing cells 387 showed reduced EOP for λvir compared to control cells (Fig. 6 ). However, in the MinC R172A 388 (reduced binding to DicB) strain, the resistance phenotype was diminished -dicBF expression 389 in this host gave an EOP of 12% compared to the control strain. In the MinC E156A (abrogated 390 binding to DicB) background, the EOP of λvir on dicBF-expressing cells was very similar to the 391 control strain (Fig. 6) . These results suggested that the DicB-MinC interaction is required for the 392 DicB-mediated resistance to λ phage infection. The same strains were grown on M63 minimal 393 plates with different sugars without or with 0.025mM IPTG to induce the dicBF operon. As 394 shown above, in the wild-type minC + background, expression of dicBF inhibited growth on 395 plates with mannose and glucosamine, but not on plates with glucose (Table 3 ). In contrast, 396 dicBF expression in minC mutant strains (E156A and R172A) did not inhibit growth on any of 397 the sugars tested (Table 3) . Collectively, these data indicate that the new DicB-associated 398 phenotypes we have identified -phage resistance and inhibition of growth on sugars that are 399 transported by ManYZ -require the previously defined molecular mechanism of DicB interaction 400 with the host protein MinC. 401
Discussion 402
The existence of cryptic or defective prophages on bacterial chromosomes was 403 discovered long ago (4), but their potential beneficial functions for host cells are still coming to 404 light. In part, this is because we do not know the functions of the majority of genes encoded on 405 these prophages. In this study, we have identified a new functional role for the cryptic prophage-406 encoded protein DicB in E. coli K12. We showed that induction of the dicBF operon makes cells 407 resistant to infection by phages that use the ManYZ PTS proteins as inner membrane receptors 408 for DNA injection (Figs. 1, 5) . DicB, a 62-amino acid protein encoded by the dicBF operon, plays 409 the primary role in conferring this phage resistance phenotype (Fig. 1) Table S1 for phage genotypes). The cells were prepared for infection and the EOP was 833 calculated for each phage as described for Fig. 1B . Error bars were calculated as standard 834 deviation of values from three biological replicates. 835 The cells were grown with induction of the dicBF operon with 0.5mM IPTG, infected with λvir 845 and the EOP calculated as described in Fig.1B . EOP of λvir for each strain is calculated with 846 respect to the control strain in the same background. The strains used in this experiment are 847 control (DJ624), Plac-dicBF (DB240), control minC R172A (PR181), Plac-dicBF minC R172A 848 (EOP) is defined as (λvir titer on the test strain)/ (λvir titer on the control strain). Strains used in this experiment were: control (DJ480), P lac -dicBF (DB240), P lac -dicBF ∆dicB (PR165), P lac -dicBF ∆dicF (DB247) and P lac -dicBF ∆dicF ∆dicB (DB248). All strains were grown to the same state of growth with the dicBF operon induced with 0.5 mM IPTG for 60 minutes. The inducer was washed off, the strains were resuspended in TM buffer, infected with λvir and plated to calculate titer. Error bars were calculated as standard deviation of values from three biological replicates. (C) Efficiency of center of infection (ECOI) is calculated as (number of infectious centers/ml from test strain)* 100/(number of infectious centers/ml from control strain). The strains used in this experiment are control (DJ480), P lac -dicBF (DB240), P lac -dicBF ∆dicB (DB243), P lac -dicBF ∆dicF (DB247) and P lac -dicBF ∆dicF ∆dicB (DB248). The cells were grown with induction of the dicBF operon with 0.5 mM IPTG and infected with λvir at an MOI of 0.1. The unadsorbed phages were removed, the phage-host complex was added to phage sensitive cells (DJ480) and plated onto LB agar for counting plaques (infectious centers).
Error bars were calculated as standard deviation of values from three biological replicates. Table S1 for phage genotypes). The cells were prepared for infection and the EOP was calculated for each phage as described for Fig. 1B . Error bars were calculated as standard deviation of values from three biological replicates. 
